orthophosphate by phosphatases in the soils [Lemanowicz and Koper 2009] . Thus, the soil phosphatase activities greatly affect the bioavailability of organic P. The phosphatases in soils include: phosphomonoesterases (for hydrolysing organic phosphate monoesters) and phosphodiesterase (for hydrolysing phosphate diesters), phosphotriesterases (for hydrolysing phosphate triesters) and also pyrophosphatase (which transfers pyrophosphate into orthophosphate) [Wang et al. 2011] .
Phosphodiesterases and phosphotriesterases in soil are rather rarely studied compared to phosphomonoesterases. This seems a significant oversight, because phosphodiesterase and phosphotriesterase are involved in the degradation of phospholipids and nucleic acids, which constitute the majority of the fresh organic P inputs to soil [Turner and Haygarth 2005] . According to Malghani et al. [2009] , phosphodiesterases and phosphotriesterases also play an important role in the detoxification of organophosphate pesticide. Hydrolysis of the ester connection makes the compounds more vulnerable to further degradation [Kumar et al. 1996] .
One of the most popular organophosphate pesticides is glyphosate (N-phosphonomethylglycine). It is a broadspectrum, post emergence herbicide, which acts by binding phosphoenolpyruvate, the substrate of 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, and subsequently, inhibiting aromatic amino acid synthesis via the shikimate pathway in plants [Forlani et al. 2008] . Without these amino acids, organisms are unable to synthesise certain proteins essential for metabolism [Lane et al. 2012] . Glyphosate is generally applied as part of a formulated product, the most widely used of which are the Roundup herbicides. Roundup formulations contain glyphosate in the form of an isopropylamine, potassium or ammonium salt, which aids solubility but does not affect its properties as the active ingredient [Webster et al. 2014] .
Rating negative effects of pesticides or other xenobiotics on the environment is difficult, and to determine the severity and duration of adverse changes in the soil ecosystem may suffer from many problems [Wienhold et al. 2004] . Domsch et al. [1983] suggested the concept according to which all changes in the metabolism of the components of soil, caused by chemical agents, may be compared to changes caused by microorganisms under natural stress conditions. All changes of process lasting over 60 days with the severity of 50%, compared to the control soil, are considered to be dangerous; others are regarded as acceptable or negligible.
The aim of this study is to determine the impact of glyphosate (contained in Roundup formulations in the form of isopropylamine or potassium salt) on phosphodiesterase and phosphotriesterase activities in soil with reference to ecological importance of soil pollution.
MATERIALS AND METHODS
Experiment was carried out on soil samples collected from arable and humus horizon: loamy sand and sandy loam. Characteristics of soils used in the research are presented in table 1.
Soil samples collected from the field were adjusted to air-dry state and sieved through a sieve with mesh of 2-mm diameter.
The soil material was divided into two series depending on the type of soil. In each series, glyphosate was introduced into 0.5 kg of soil. Samples were adjusted to 60% maximum water capacity.
In the experiment, changeable factors were:
• kind of glyphosate salt: isopropylamine (contained in Roundup 360 SL) and potassium (contained in Roundup
TransEnergy 450 SL),
• dosage of glyphosate: 0, 1, and 100 mg·kg −1 ,
• day of experiment: 1, 7, 14, 28, 56, 112.
Soil samples were precisely stirred and stored in hermetic polyethylene bags at a temperature of 20°C and in a dark place.
On days of measurements, enzyme activities were determined by spectrophotometry, using UV-1800 Shimadzu equipment:
phosphodiesterase (EC 3.1.
4.1), according to Browman and
Tabatabai [1978] and phosphotriesterase (EC 3.1.8.1), according
to Eivazi and Tabatabai [1977] .
All analyses were done in three repetitions. A three-way analysis of variance (ANOVA) was used to examine the effect of glyphosate salts on soil phosphodiesterase and phosphotriesterase activities. To assess least significant differences (LSD), Tukey's test was used at a significant level α = 0.05. All statistics were done using Statistica 10.0 (StatSoft).
Real values of the enzyme activities were calculated in reference to activity in the control soil (assuming it as 100%) and specified as percent of inhibition. Changes of phosphatases activity were shown as environmental danger zones graphs suggested by Domsch et al. [1983] . In the graphs, three ecological danger zones were marked: values negligible -with slight influence on enzymatic activity, values tolerable -with considerable influence on enzymatic activity but not cause inactivation of catalytic activity of enzymes, values critical -with the most negative impact on soil ecosystem that may cause degradation.
RESULTS AND DISCUSSION
In loamy sand, with both salts of glyphosate in dosage of 1 mg·kg −1 , significant inhibition of phosphodiesterase was shown on days 7, 14 and 56 (Table 2) . Obtained enzyme activity decrease in case of isopropylamine salt was ranged from 7 to 13%, and in case of potassium salt, from 13 to 15%. Application of both glyphosate salts in amount of 100 mg·kg −1 caused in all days decline of phosphodiesterase activity. Inhibition of this enzyme activity in loamy sand treated with isoporopylamine salt ranged from 20 to 40%, and with potassium salt from 10 to 31%.
However, the level of inactivation of phosphodiesterse in the loamy sand with the addition of glyphosate, was in the range of negligible or acceptable values (Fig. 1) . ns. -not statistically significant; LSD -least significant differences days 7, 28, 56, 112 (17-28%) (Table 3) . Rarely found significant inhibition of the phosphotriesterase activity was in the range of negligible or acceptable values (Figs. 3, 4) . The effect of glyphosate on soil microorganisms depend on the dosage, soil texture and organic matter content [Giesy et al. 2000 , Nakatani et al. 2014 . The results obtained by Tejada [2009] showed that glyphosate effect on phosphatases is higher in light soil than in clay soil. It was confirmed in our study. The most commonly observed effect of glyphosate salts was decrease in phosphodiesterase activity and increase in phosphotriesterase 
